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A  l8  pTMonteA  that  ueoiiAta  to  *  Xirga  crtant 

i«r  tte  j-^apeatoiet  of  prauart  Indaeed  ahSfta  dua  to  nohlo 
gaseo  of  Unao  in  HCI  hanio*  Aftar  a  bintf  critical  raviaw  of 
tha  thoacatieal  work  dona  an  this  anb^et  to  data,  an  iaproved 
phaae-ahlft  appr^cinatioii  for  tha  intenoleeular  collision 
proeeaa  la  worked  out  idtk  n  coordinate  ajrsten  fixed  In  space 
during  the  collision.  The  main  features  of  the  obsenred  phenonena 
are  accounted  for  using  only  parameters  calculated  directly  firom 
known  moleeular  properties.  A  dlseuaslon  of  the  linitatione  of 
this  theosy  is  given.  It  appears  that  in  order  to  achieve  further 
iufTOvenent,  the  finite  probshillty  of  j>transitions  and  the 
Influence  of  shortrrange  forces  should  be  taken  into  account. 
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feature  .of  these  shifts,  and  the  nest  difficult  one  to  account 
for  theoretieelly.  Is  their  dependence  upon  the  rotational 
quantun  nuOber  $  s  individual  rotational  lines  of  «  band  are  each 
shifted  dlfferentljr,  snet  of  then  tewasde  lower  frequencies. 
Cenerall/  the  shifts  Increase  on  passing  fivn  the  lighter  helina 
to  the  heavier  xenon  as  the  perturbing  agenqr,  and  from  the  1«0 
band  to  the  2>0  band  of  NCI.  The  observed  shifts  raij  Iron  about 
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^  tt*toifl[c  aoSefi^^* 


,xj  Py  CeoaZi  . 


Ui 


The  floqpeotatlon  TalTies  of  tlw  taim  k  -  O  Ctte  fliSCtpit 
torn)  depaod  on  the  rlbrationai  qaai^tuiik  )iiiiiffi(|^  %  MflIXf 
while  those  of  the  teme  k  y  0  (the  no{^4B|K|fVlt  tcCOfll 
depend,  in  eddltloik  to  also  09  the  rotat$eai&  ffift  tfttlaX 
quantum  numbers  J  ani  m# 

In  the  static  approach  the  dlfferei];ee  I9  fkt  ytfflnftttlOQt 
of  the  upper  and  lower  ieTsls^  t' j*m'^  andL  JS 
for  a  given  posttleii  ff  tertupbOl?  ap4  *990^  ft  fttatift 
distributiois  e^  ficlrtttzterde  fti4Cf  SA  Tt)i»  SiQt  ^^^**4*  ^ 
IrarUtift  MHft^ 


•MiftCiAtNrttinaftitiC  »  iBi  ti 


Ift  ttomfiM  a(«lal«  ftf  ft  SM 

tt«i«iUeft  aoftlfllfb  tia 

ftC  Je  Ihit  ^  IMI  Am  Iht  tuapctAM  ftf  tVMBlUin 


# 


a»m«t8  ^  front  a  we|&Su>i4fliiUf||r#SSRfiM^ 


U.  cf.  <9)  U  U  Idr  atfetallo#  4lRt4j?tfimiCll» 
avosaglag  f ro«e  jttrOf  aef  Vef* 


910  n&n^StfflUi4eife!l0^tlA^9B^ 

have  ^eit  •ons{Set«if  f  AlcilctiijSham^f  stt^  ft  SQ&ta4|t'4 
dl8trlVatloi»  ff  B«q,latfli  Mi  iOt(Mli*fVieV 

pertarbailoiis, 

give  taai*  gesnCLts  Mr  3tp»^  If  t  J«ic{{»nd61iei  ii 
particulazlj^  marked*  Sbt  Sk  SMI  OMR 

fount  neaessar/  ta  resart  tt  a  moiffl«atlCi|  t%i>  4KNP 

aleae  iAtamti*!!  Riftta^get*  «it]tw  lof  ffceiasiOg  Mi  H 

staig  iRMr  •tlMft  iVjlr 

f  a^llif •»  4|amgie0P  •  ° 

A  eenseqaeiiae  of  fbaicijighaaff  «taUi  ttMigp  ^NVt 

should  be  SA  observable  differenee  lilt  fiitftt  <f 

corresponding  iines  ia  emission  ant  lit  atstfftfM^^  ItetWife 

]L 

experimeots  do  not  suppoirt  this  prediattMki 

a 

_ _  • 

1^.  K.J*.  Bridge,  and  AJ).  Buckingham,  tg  tg  fWMUtjia* 

14*  laS.  ^affe,  R.  Priedmazn,  M.A.  XlrtfltfeM^  mA  JU 

ItitiwI&lfM* 


static  theories  are  valid  'dllA  onjy 
timft  to  ^  tvStPSfii  ^  ^^w'fc'vtfa Ip  AMCartUMlB 
a«apnrf^tld««ie^sf  4>t^#Ie  ^ 

pertuiAei**  ^S^ia  ^eH 

(•) 

KargeAaUf^  iif  t|ir»  avenge  SiM  • 

dlllfts  tuider  iSiariltsEtfo^fier^fimrti  uN|MKMkt9^  , 

(about  mpe  ^tmoeplier^^  evefiB*  #iySim 

coiststn^. 

of  the  molecvflar  eybteni,  l^n  i^epeJf^  ttMbtf 

collisions  and  ASHststs  «f  a  successleo, 

eacl%  due  to  one  coj^isi^n.  for  this  9as%  a%,$tfpi^ 

9S  ^ 

approximatioa  has  been  JiiSged  mora  appr^gx^^lla^*'  JH#  ® 
_ _  © 

Lonfloa,  196^3 ,  edited  by  9.9.  ^ta#i, 

application,  especially  for  strong  eoUtlsibagf  KiSiSlit  Mlf|SUIi!fjr 

dlffare]|^  fesu^s^  eye%  i«  th^  a4iaVaU«  JllnAtip  JkM  HMM 

f 

Pallet  Statit  t9fgw4C4«i«» 


In  an  adiabatic  coUia^cm  a 
evolves  (neglecting  defomiat|||||  oSM«3  MPQlfiMI  ti 


16.  cf.  H.  Hargenau^  Ilii* Jib 

. •# 

u^- 

v«here  E.CO  2s  &8%astaaeeilS  4lliil|lt  g  ® 

^  o 

the  configuration  S(t3.  SqcIi  a  colXtil^  l8^i^  ^li  tiNWI# 

Q 

of  by 

© 

'll -if  °  0* 

o 

^er»  T^C  is  th%  t|  fii  §S 

A«i»rifllf  ti  ^  otf  * 

^  line  i->f  is  ttiie«  ^v®* 


17.  H.M.  Foley,  Phys.  Rev.  &.  «!!S  bsn}. 


a) 

Ml  if  i>  lki«4M«lt<inMfiif 


of  type  diTs  l^enotes 

a  certain  cheic^ 
u  and  direction  of 
the  perturbing  atom. 


dv  -  ^  n  u  ffb)  V  ^9f§A$  ^ 

vdiere  n  Is  the  density  of  pecturtiemi  mI  ^ji§  41^^  ® 

velocity  distribution  funQtjpi)*  ^ 

A  simple  phase- shift  ine^|p$  #niD^9tM(0tSeil|^^^U(lle 

o 

adiabatic  collisions  whe%  on^  gr  1)dt!|  9^ 

spatially  degenerate.  In  t1i4  tti|pertnz%e^  (#3#f  aClUMIa 

m- state  has  a  meaning  only  iif  re^atin^ 

quantization  axis .  When  a  pertOrbal^il  §9 

there  are  non-vanishing  transltio#  profeiltjSItliw  kedi^MI 

different  m-stat^Sj  vdticU  shWlA  fSs#  li#;  stfWjeJ  to  tbS  4Wfl|[||§ 

quantization  axis.  (TbJ^elons  a$f  ^dt  iM  If 

the  Interaction  enargy  cattses 

degenerate  states  ^ui^lng  ilie  ebt^  t9So#  €l(  Ito  iMlM  ti  ittt 
then  remain  a  gpO^  quantum  numbly  ^4# 

aloiig  tjfa  Jataraetl**  1%  idagMsSl*  ftAMrtCrtrtRl 

Ba4fi  Jte  ^^t}Mi^ii)^«f^ct#r4Mbftfellliitt€ilMdMld* 


in  the  sense  of  £q.  (3)>  but  also^bgr  a  rotatlqua^ 
transformation  along  with  the  rotatko^#^  ) 


collision. 


IS 


18.  J.  Tan  Kranendonk,  thesis,  Un^er^if  JAAl 


Still  another  objection  has  beei^ra 
the  adiabatic  assumption  in  a  Hfc  Af  A 

phase-shift  method.^^  As  collisions  become 


19.  L.  Spitzer,  Phys.  Rev.  %6  ( 


contribution  to  the  shift  increases  vd.t%  9 

until  sln'2  ^  (4)  reaches  its  maxfinuif'^f^Al^fli^ 

Still  stronger  collisions  contribute  ^le^s 
much  larger  tha^  2a,  they  aS.8  nolMhg 
fact,  with  straight- path  collisions 
about  three  j:iuarter3  of  (4)  come  frc»f 
But  an  adiabatic  assuinptio%  is 
collisions,  vdiere  the  noH-fs^SeM 
than  unity.  Therefore, 
non-isotropic  parts  of  the  jjihasc 
^iabatic  collisions  will 


shift. 


As  has  already  been  pointed  out  A  I,  on  averaging  ^2 

over  the  m,  the  contribution  of  the  noi)rtsotropi^^|8q|ts  ef 

the  interaction  vanishes.  Soms  authors 

vdio  use  an  average  ,  are  therefore  olAli^^t9ex]|ftB9l§1^ 

J-dependence  by  assuming  a  J-  dependei^ 

collision  parameter,  because  oolf Islone 

region  are  strong  enough  to  cause  appreq^t(|^ 

to  different  j-states.  The  vgeakness 

in  order  to  obtain  the  right  magnitufe 

© 

is  found  necessary  to  adopt  valu^ 

© 

that  are  much  larger  than  the  labPfflfHW  gg  vh 

HCl-noble  gas  pairs.  But  ther% 

calculated  with  an  lnteractie%  0^ 

•  © 

Herman’s  treatment  differs  esse#^lQ9S^jR(Vif 

e 

introducing  in  the  interaction  energy,  a# 

additional  P^(cosX)  '’term  vdiich  |.s  idii%  e^4lSll||l| ©4 
.  P^-tem  of  (l).in  caAsm  |e^»niaSfl»« 
according  to  Herman, 
of  mass  and  center  of  charge 
good  agreement  wltl^  observat^M  Of 

Hci  is  assftiig4t»H«4aai©ttiltt9inikMMi1feii8^^ 

anft  ©iSnleiiiWMt 
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electrons  of  the  chlorine  atom  amd  the  two  valence  electrons 
which  are  also  more  closely  bovind  to  the  chlorine  atom. 

A  treatment  having  featvires  In  common  with  the  one  set 
out  below  has  been  presented  independently  by  Schuller  end 
Oksengorn,^  who  pointed  out  that  It  ie  the  expression  (A) 
for  the  ‘'‘’ne  shJ.ft  (involving  elnl^,  and  not  itself)  that 
should  be  averaged  over  all  m-etatee.  jfq^ever^  AffrfBler  and 
Oksengom  based  their  calculation  04  tj^e  J|h49edeV||b  the 
assumption  of  adiabatic  collisions ,  into 

account  the  rotation  of  the 
collision  process. 


The  shift  may  tilfeel  fi%  eini^ 

Q 

(and  not  T2  )  averaged  over  m-atato^  a ^fraso"  Alft 

^  O 

approxiination  holds  wftTi  te 

•in  space  for  a  giv«i«4aM»t» 

transitions 

depend  on  the 

exists  a  choi^  •!*  C%  I9«t  9tM  ^  ^ 

respect  to  whiala 
some  restrtftDIf 

•  •  • 


used  with  the  phase  shifts  referred  to  that  particular 

fixed  coordinate  system.  Here  again,  as  in  the  adiabatic 

approach,  the  Interaction  of  different  ^states  is  neglected. 

20 

According  to  Anderson,  the  exact  expression  in  the 


20.  P.W.  Anderson,  Phys.  Rev.  2k,  647  (1949). 


impact  limit  for  the  width  and  shift  of  an  Isolated  line 
with  degenerate  levels,  Is  _ 


vdiere,  in  Anderson's  notation. 


•  • 


s(d<r) 


Trace/ 

"  ^  ^  f  j j*  9 i  X. 

Trace  ^  j 


Here  T(  dOT )  is  the  scattering  ope^pi^S#  Am '1^  Internal 
states  of  the  molecule  correspondli^  t#  MBS&ion  of  type  dCT ; 
p  is  the  dipole  moment  operator  l^ftfll^lzatlon  direction 

of  the  absorbed  photon.  The  trace  is  l^^lAover  the  sub-spaces 


of  the  initial  and  final  degenerate  levellb* 
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Anong  other  parameters  vAilch  determine  is  the 

orientation  of  the  collision  with  respect  to  the 
polarization  axis,  taken  as  the  e-axis.  But,  noting  that 
(5)  is  invariant  under  rotation  of  the  coordinate  system, 
the  roles  of  the  collision  orientation  and  the  polarization 
axis  may  be  interchanged.  Choosing  some  direction  defined  by 
the  collision  as  a  zraxis,  the  averaging  can  be  made  over  all 
possible  directions  of -the  polarization  axis,  by  sunsning  (5) 
over  the  three  components  of  p  in  the  system  defined  by 
the  collision.  The  relation  of  this  system  to  the 
orientation  of  the  collision  is  imnaterial  in  the  calculation 
of  S(dtf )  as  a  whole.  Ye^  individual  natrlx  elements  of  T 
in  (5)  may  depend  on  it,  due  to  the  spatial  degeneracy.  By 
a  particular  choice  of  z-axis,  namely  the  apse  line  (the 
Intexmolecular  axis  at  the  moment  of  closest  approach),  the 
non-diagonal  matrix  elements  of  T  •connecting  different 
m-states  can  be  made  small,  compared  with  the  diagonal  elements. 
Then,  if  inelastic  transitions  are  negligible. 


<vjm|T|  vjm">  exp[- 


vftiere 


y)  “Ji  f  <Tjm|v  (t)|  ▼Jm>  dt  ,  (6) 

J  coll 

with  7  represented  In  the  fixed  syetem.  Expression  (5)  then 
reduces  to  the  phase-shift  eaq^esslon 

sm* 

vdiere  are  the  (normalized)  dipole  transition  moments, 

nm* 

The  resulting  line  shift  is 

Z  -W  ■  (8) 

ran’ 

Axiderson  has  given  an  iteration  process  for  the  calculation 
of  T  in  power  series  of  the  operator  P,  v^ose  matrix  elements 
are  given  by 


f  * 

«coll 


iw-wt 

e  ®'’<a 


|v(t)| 


dt 


<a|p|b> 


1 


thus  obtaining' 


.21 


21.  P.W.  Anderaon,  thesis,  Harvard  (1949).  Equation  (9) 
is  obtained  bgr  neglecting  the  nonrooeanuting  of  T(t^) 
end  ^(^2)  at  two  different  naoents  t^  and 
The  non- commuting  terms  are  shown  to  lead  to  the 
introS.uction  of  higher-order  perturbations. 


T  -  1  -  iP  -  I  ♦  ...  (9) 

Tsao  and  Ciornutte^  have  given  a  calculation  of  ^a  1  P  | 


22.  C.J.  Tsao,  and  B.  Cumutte,  J.  Quant.  Spectrosc.  Radiat. 
Transfer,  2,  U  (1962). 


for  the  interaction  tern  with  Pg  (cosX).  It  was  shown  that 

for  a  straight  path  collision  with  is^ct  parameter  b  and 

relative  velocity  u  (fig.  la),  matrix  elementa  of  P  betvgeen 

two  dil^erent  energy  states  j  and  j"  include  the  factor 

exp(-(k) .  .„b/u)  vMch  becomes  ^E^effilngly  small  when  w  .  .„b/u^l« 

JJ  ^  uJ 

In  the  case  of  collisioss  ^^wee^^C^and  the  heavier  noble  gas 
atoms,  with  impact  param^te# la|^e^  the  gas-kinetic  collision 
diameter ,  and  average  velOc^le%  MrreSfbnding  to  temperatures  as 
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hi^  as  1000°C,  this  Inecpiallty  generally  holds  and  matrix 

elements  of  P  between  two  J  levels  are  negligible. 

To  calculate  the  matrix  elements  of  P  in  the  sub-space 

of  the  level  J,  with  a  given  fixed  quantization  axis,  it  is 

necessary  to  rewrite  P2(cosX)  in  terms  of  the  polar 

angles  (P,^)  of  ^  and  of  R  in  the  given 

reference  system.  This  is  done  by  the  addition  theorem  for 

23 

Legendre  polynomials, 


23.  cf.  E.U.  Condon,  and  G.H.  Shortley,  The  Theory  of  Atomic 
Spectra  (Cambridge  University  Press,  New  York,  1935). 


Pj^(  cosZ) 


2kfl 


X,— k 


(10) 


vdiere,  unlike  the  operators  Y  .(®f^)i  the  expressions 

functions  of  the  classical  path  parameters 

^j^(t)  and 


The  matrix  elements  ^jm  I  YJ^  j^(e,^)|  jm"^  vanish  \mless 
mf  -  m  +  Therefore,  in  the  non-diagonal  matrix  elements 
<  jm  I  P  I  jm">  I  only  those  terms  appearing  in  (lO)  need  be 
retained  for  v^ich  X  7^  o.  Now,  if  X  ^  0,  the  integrals 
J* “k'®)  ’'k.k'*E'  ^g)dt  which  appear  in  |P|  jm"^  are 

minimized  hy  taking  the  z-axis  in  the  direction  vdiere  aj.(R) 
has  a  sharp  maximum.  This  is  due  to  the  fact  that  all  spherical 
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harmonlcs  vdth  X  y  o  vanish  along  the  z-axls  *  o). 
In  this  woi^,  vhere  the  interaction  (l)  is  assumed,  the 
Integrals 


should  be  considered «  Performing  the  Integration  along  a 
strai^t  path,  with  the  z-axis  perpendicular  to,  and  the  x-axis 
along  the  path,  one  obtains  -  o,  vdiile  g^^  * 

In  the  diagonal  matrix  elements  of  P,  which  give  the  phase 
shift,  the  following  integrals  must  be  considered 

jV I  cos  Z)  I  jm^  dt  -  /  Pj^(  cos  ^ )  |  cos 


vdiere  k  -  0,2,  For  straight  path  collisions,  in  i^diich 


b2  -  u^t^ 


and 


r-* 

-•0 


-1^-6. 


PgCcos  flg)dt  "  ^  G. 


(22) 


(13) 


The  phase  shift 


"  ^v' j'm'  ”^vjm 


dt,  (11) 

2 


for  the  m-em'  con^wnent  of  the  line  now  beconee,  using  (6), 
(1),  (11),  (12)  and  (13), 


’2m. 

where 

2 

<J,»>  -  <Jm|  P2  «)  I  Jm>  - 

and  vAiere^  ( A(x)  1  |  B(x)|  . 

24.  For  the  HCl  molecule,  in  the  range  of  j  to  v\diich  the  present 

theory  was  applied  (  7),  the  effect  of  centrifugal  stretching, 

which  introduces  a  j-dependence  into  the  vibrational  expectation 
valxaes,  is  very  small  and  was  therefore  neglected.  At  hi^er  j  it 
may  cause  a  small  measureable  effect,  shifting  lines  in  the 
R-branch  more  to  lower  frequencies  than  corresponding  lines  in  the 
P-branch  (cf.  the  C-tenn  in  Eq.  (28)  of  ref.  6). 

The  nonr diagonal  matrix  elements  ^jm]  p|  are  small 

con5)ared  with  ^  ,  xinless  the  isotropic  and  non-isotropic  parts 

of  >2  ^happen  almost  to  cancel  each  other.  But  then  the 
contribution  of  such  an  component  to  the  total  shift  is  in 

any  case  small,  and  the  error  introduced  in  the  calculation  of  the 
shift  by  neglecting  the  non-diagonal  elements  is  small. 
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An  estlinate  of  the  error  Introduced  bgr  neglecting  the 

non-diagonal  matrix  elements  ^  Jm  |  P  |  may  be  reached  by 

con^aring  an  expansion  of  (?)  in  power  series  of  P  to 

the  Iteration  process  of  Anderson,  where  the  ^  jm  |  P  |  Jm**  ^ 

PO 

are  included  in  a  similar  expansion  of  (5)  : 


S(dd')  -  S„  ♦  ISt  +  S,  +  . 

In  both  approaches  vanishes,  and  -S^  is  eq\xal  to  .the 
average  over  nt-states  of  the  phase-shift.  In  this  last  term, 
vdiich  gives  the  first-order  contribution  to  the  shift,  only 
the  isotropic  part  “(A^,  -  A^)G  remains,  and  therefore 

fails  to  account  for  the  j-dependence  of  the  shift.  The 
next  term  is 


(K 


- 


mm' 


In  Anderson’s  exact  expansion  the  numerical  coefficient  £  is 
equal  to  7/12,  vdiereas  in  the  present  phase- shift  approximation 
^  “  9/16.  The  difference  between  the  two  is  a  factor  27/28 


•  • 
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25 

only.  In  S^,  which  gives  an  iii$>ortant  contribution  to 

25  •  In  the  adiabatic  approach  of  Schuller  and  Oksengom 
(ref.  ID),  ^  -  1  instead  of  7/12. 

26 

the  shift,  .the  difference  ia  not  much  larger. 


26,  The  coefficients  and  are  usually  much  larger  than 

(A^,  -  A^),  and  therefore  even  with  collisions  where  is 
still  small,  the  individual  phase-shifts  ^2  ^  quite 

large  and  may  be  very  important. 

A  collision  in  vdiich  a  j-transition  occurs  does  not 
contribute  to  the  line  shift  and  it  therefore  seems  reasonable 
as  suggested  by  Englman  to  exclude  those  collisions  whose 

9 

parameter  lies  within  the  cross-section  for  j-transitions. 

Since  this  cross-section  is  j-dependent  (because  the  spacing 
between  adjacent  j  levels  increases  with  j)  such  a  cut-off 
treatment  would  predict  an  additional  j-dependence  of  the  line 
shift  that  may  bring  about  an  improvement  over  the  results  of 
the  phase- shift  method. 
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Unfortunately  I  very  little  Is  known  about  the  crose- 

sectlon  for  j-transltions  in  HCl  -  noble  gas  collisions,  thou^ 

it  is  generally  accepted  that  it  is  of  the  order  of  magnitude 

27 

of  the  gas-'kinetic  cross-section,  Howeyer,  as  is  seen  from 


27*  cf.  H.S.W,  Massey,  and  E,H,S,  Burhop,  Electronic  and  Ionic 
Impact  Phenomena  (Oxford,  at  the  Clarendon  Press,  1952), 

the  results  of  the  present  work,  an  approximation  wherein  a  cu^ 
off  at  b  -  d  is  applied  for  all  lines,  yields  by  and  large  the 
right  magnitude  and  foim  of  the  j-dependence,  using  the  interaction 
energy  (l),  with  the  various  force  constants  calculated  in  the 
normal  manner  for  induction  and  dispersion  forces.  Possible 
refinements,  involving  collisions  vdth  b<d  and  accounting 
for  j- transit  ions,  are  discussed  briefly  in  a  conclviding  paragraph 
of  this  paper. 


CALCULATION  OF  THE  SHIFT 

The  cross-section  for  the  shift  is  expressed  for  convenience 

2 

in  terms  of  the  billiard-ball  cross-section  nd  ,  and  as  a 

function  of  the  parameters  K _ 

mm 


, ,  defined  as  the  phase- shift  (U.) 
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for  b  ■  d: 


With  the  ooUlslon  rate  dv  <■  2ii  n  u  b  db,  the  shift  glyen  by 
28 

(S)  can  be  written 


26.  An  averaging  should  be  made  over  a  distribution  of  the 
relative  velocities  u.  This  problem  has  been  treated  by 
Schuller  and  Oksengom  (ref.  10).  Nevertheless  it  is 
usueilly  sufficient  to  take  an  average  value  of  u. 


nu 

2wc 


nd 


nsn' 


vriiere 


2(b/d)  sin( 


)dCb/d), 


In  the  approximation  where  collisions  with  b  <  d  are  excluded 
(the  "cut-off"  approximation), 


$(K)  -  $  (K) 

*  CeO. 


-7/5 


slnnd 


To  give  an  idea  of  the  contribution  to  the  shift  from  collisions 


vdth  b<d,  leaving  aside  J-transitions ,  £  (K)  is  compeured 

•  C  *0  • 

in  Fig.  Z  vd.th  two  other  approximations,  where  phase- shifts  from 
close  collisions  are  Included.  One  of  them  (the  ” strai^t-path" 
approximation)  is  the  less  realistic,  thoiigh  more  conmonljr  used, 
vdiere  the  size  of  the  molecules  is  neglected  and  all  collisions 
(o<b<60)  are  considered  with  straight  paths.  Note  that  the 
corresponding  expression 

$(K)  -  5  s.p.(K)  -  I 

when  multiplied  ty  d^,  is  independent  of  d.  The  other, 

more  realistic  approach  is  based  on  the  suggestion  of 
29 

Schuller  and  Vodar  to  use  the  model  of  rigid  spheres, 

29.  F.  Schuller,  and  B.  Vodar,  Compt.  rend.  251.  1877  (i960). 

with  broken  paths  for  collisions  with  b<d  (Fig.  lb).  Taken 
along  a  broken  path,  the  integral  (13)  is  no  longer  three- 
quarters  of  the  integral  (12).  The  ratio  of  the  two  integrals 
changes  with  b,  from  3A  ^or  b  -  d,  to  1  for  b  •  0  (the  limit 
vdiere  adiabatic  and  phase-shift  treatments  coincide).  The  plot 
of  I^(K)  (the  ” billiard-ball'*  approximation)  given  in  fig.  (2) 
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was  calculated  by  assuming  the  constant  ratio  3/4  ^he 

range  of  variation  of  b,  thus  Introducing  a  anaU  error, 
vdilch  vanishes  In  the  limiting  case  vdiere  only  the  Isotropic 
part  of  the  Interaction  contributes  to  the  shift. 

As  the  angular  momentum  J  Increases,  the  sum  ^  Z^, 

nan*  ^  ™ 

converges  Into  the  tenn  Where  K^,  Is 

the  contribution  to  I^,  from  the  Isotropic  part  of  the 
Interaction.  Therefore,  the  shift  should  tend  with  Increasing 
J-nunher  to  a  value  vhlch  depends  on  vibrational  quantum  numbers 
only.  It  Is  interesting  to  notice  that  in  the  Interval  0<K<3. 
both  A  and  ®  ,  v  are  nearly  linear  in  K,  vdiile  S _ 

«irC«0*  ♦  DeDe  **3#p* 

is  proportional  to  k2/5. 

This  distinction  is  important  for  the 
interpretation  of  the  ratio  of  the  shifts  of  corresponding  lines  in 
the  fundamental  and  overtone  vibrational  bands. 

The  parameters  A  and  B  in  the  interaction  energy  (l) 
v/ere  calculated  in  a  manner  similar  to  that  of  I,  with  the 
additional  refinements  that  the  vibrational  dependence  of  the 
anisotropy  of  the  polarizability  was  considered,  and  the  average 
electronic  energy  W,  vdiich  appears  in  the  dispersion  interaction, 
was  determined  in  a  different  manner. 
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We  virlte 


and 


B  -  J  T(x)e<^(x)P(^W 

where  and  0(^  are  the  polarizabilities  of  the  polar 

molecule  and  the  noble  gas  atom  respectively;  Y  - 
is  the  anisotropy  in  o(^  due  to  the  difference  between  the 
polarizability  O^u  along  and  6^  perpendicular  to  the  molecule's 
synmetry  axis.  W  was  determined  by  comparing  the  gro void- state 

value  of  A  with  an  empirical  value  of  the  force  constant  (the 

6  30 

4€Cr^  tem  of  a  Lennaitl- Jones  6-12  potential  energy  function*^^ 


30.  cf.  J*0.  Hirschf elder,  C.F.  Curtiss,  and  R.B,  Bird,  Molecular 

Theory  of  Gases  and  Liquids  (John  Wiley  &  Sons,  Inc.,  New  York,  1954). 


with  6  and  (T  for  the  mixture  of  two  gases  calculated  by  the  mixing 
rules  ^a  ^  ^  ^  * 

The  variation  of  A  and  B  with  the  vibrational  q\mnttim 
ntimber  was  calculated  by  expanding  A(x)  and  B(x)  to  the  first 
power  of  X  : 
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A(x)  -  Aq  *[^A(x)/ix]^^(».x^)  +  ...  , 

0 

with  Xq  -  |x  I  0^  .  New 


dA/^x-  Z^^^h\i^/hx  *  , 


and 


2  +  ^oi^hirofj/hx. 

If  however  ^  ,  as  is  true  for  HCl 

31 

(both  from  empirical  evidence"^  and  from  theoretical 


31.  E.J.  Stansbuiy,  M.F.  Crawford,  and  H.L.  Welsh,  Can.  J.  Phys. 
2i,  954  (1953). 


considerations^),  then  ^  (Y0(  )/ ^x  4^  /^x  , 

oL 


32.  F.  Schuller,  L.  Galatry,  and  B.  Vodar,  Compt.  rend., 
248.  2194  (1959). 


and  therefore  ^B/^x  .  In  this  case  may 
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be  vorltten 


K„,  -  K„,[l  ♦  J  ^  (  O'  .»'>  -  <3,m>  )  •  |0'  .»'>]  , 

With 


vdiere  AA  *  A^,  -  A^«  Values  of  K^i  “id  B^AA,  for 
HCl  colllsiais  with  the  noble  gases  argon,  krypton  and  xenon 
at  room  temperatvare,  have  been  calculated  vising  the  values  of 
C|fa.^0(a/ix,  Y,0(^,  <v|  xl  v>  ,  CT^,  <7^,  C^.  ^ 

vMch  are  listed  in  I.  These  are  gathered  in  Table  I, 
together  vdth  d,  u,  and  W.  The  values  of  were  obtained  by 

considering  only  the  known  anisotropy  of  the  polarizability. 

A  similar  anisotropy  in  W  may  add  to  the  magnitxide  of  the 
anisotropic  interaction.  Therefore  values  of  B^AA  higher  by 
50^  than  those  given  in  Table  I  were  also  used  in  the 
calculations. 


DISCUSSION  OF  RESULTS 

The  line- shifts  induced  by  argon  and  krypton  in  the  1-0 
and  2-0  bands  of  HCl,  calculated  with  the  "cut-off"  approxljnation. 
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are  shown  In  Figs. 3  and  U,  together  with  the  experimental 
points.  In  each  c£ise  two  curves  are  given,  one  with  values 
of  K^,  and  B^AA  calculated  from  the  molecular  constants 
alone  (see  Table  l)  and  a  second  with  a  value  of 
set  5016  higher. 

In  Fig.  5  the  experimental  shifts  in  the  1-0  band  of 
HCl  pressurized  by  krypton  are  compared  with  calculated 
values  using  the  broken-path  "billiard-ball"  approximation, 
in  addition  to  those  obtained  by  the  "cut-off"  approximation. 

At  higher  J-values  the  experimental  points  lie  between  the 
two  curves.  This  suggests  that  with  increasing  J,  as 
j- transitions  become  less  probable,  more  and  more  contribution 
to  the  shift  comes  from  the  region  of  close  collisions  (b<d). 

A  better  agreement  with  experiment  wo\ild  th\is  be  obtained  by 
using  a  j-dependent  cut-off  (falling  in  the  region  b^d). 

Very  recent  vjork^^  has  revealed  that  shifts  of  1*31  2-0  band 


33.  D.H.  Rank  (private  communication;  Revs.  Mod.  Phys, 

Jk.  577  (1962))  has  given  observed  valiies  of  shifts  of  HCl 
lines  due  to  argon  and  xenon  up  to  j  “  23;  due  to  krypton 
up  to  j  -  15. 
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lines  due  to  argon  do  not  tend  to  a  constant  limit  for  high  J 
but  begin  to  decrease  at  about  J  8« 

There  is  then  a  systematic  trend:  shifts  due  to  helium 
are  all  towards  higher  frequencies;  those  due  to  neon  pass  a 
maximan  red  shift  at  about  J  "  3;  with  argon  the  maximum  is 
at  about  J  "  6;  with  krypton  the  shift  is  still  fairly  constant 
at  about  J  •  15;  and  with  xenon  the  shifts  are  still  increasing 
with  j  at  j  -  23. 

These  manifestations  may  be  esqplained  by  taking  into 

consideration  short  range  forces.  As  explained  above,  with 

increasing  j,  closer  and  closer  collisions  contribute  to  the 

observed  shifts  and  therefore  short  range  forces  become  more 

and  more  important.  Moreover,  weakly  interacting  lighter  noble 

gases  are  less  effective  in  causing  j-transitions  than  the 

strongly  interacting  heavier  ones.  Consequently  the  values  of 

J  at  vdiich  the  region  of  close  collisions  assumes  importance 

increase  progressively  from  helium  to  xenon.  In  this  region 

it  is  necessazy  to  consider  in  addition  to  repulsive  forces 

—A 

also  short  range  attractive  forces  (such  as  the  E  dispersion 
30 

interactiori  ,  vdiich  increases  with  the  square  of  the 


polarizability  of  HCl) ,  vdiose  relative  importance  increases  from 
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the  lighter  noble  gaees  to  the  heavier  onee.  These 
attractive  forces  lead  to  an  increase  In  the  red  shifts  with 
xenon,  whereas  with  neon  and  argon  the  repulsive  forces 
predominate  In  short  range  collisions  and  the  trend  Is 
opposite. 

In  the  light  of  the  above  discussion  same  features 

of  the  temperature  dependence  of  the  shifts  magr  be  understood 

qualitatively  as  follows.  As  the  temperature  Increases,  the 

mutual  penetration  of  the  oollldlng  molecules  Increases  and 

therefore  the  importance  of  short-range  interactions  becomes 

more  marked.  The  shifts  may  be  expected  to  increase  with 

temperature  with  the  heavier  noble  gases  (xenon)  and  decrease 

with  the  lighter  ones  (argon,  at  higher  j).  These  opposite 

tendencies  were  in  fact  observed  in  measurements  of  the 

temperature  dependence  of  shifts  induced  by  xenon  and  by 
L 

argon. 

The  present  theory  fails  to  account  for  the  shifts  of 
the  two  lines  in  the  center  of  the  band  -  R(0)  and  P(l). 

This  may  be  due  to  the  inadequacy  of  first-order  perturbation 
treatment,  as  well  as  to  the  larger  probability  of 
j- transitions  outside  the  region  b<d  (both  because  of  the 
small  separation  of  the  rotational  energy  levels  j  •  0  and 
j  - 1). 
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It  l8  hoped  that  a  future  imrestigation,  vdiere 
J- transitions  and  short-range  forces  are  dvQy  considered, 
vdll  esctend  the  validity  of  the  present  treatmsnt  to  account 
for  all  observed  features  (including  effects  of  temperature) 
of  the  HCl  shifts  induced  by  the  noble  gases. 
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TABLE  I 


Values  of  the  billiard-ball  radius  d,  relative  velocity  u, 
average  electronic  energy  W,  the  parameters  and 

for  Interactions  of  HCl  with  argon,  krypton  and  xenon. 


CAPTIONS  OF  PIGUHES 


Fig.  1  The  "billiard- ball"  collision  model  with  (a)  Impact 
parameter  b  larger  tlmn  blUlard-bell  radius  d, 
and  (b)  b  smaller  than  d. 

Fig.  2  The  shift  factors  $(K)  for  the  "cut-off",  "billiard- 
ball",  and  "straight- path"  approximations. 

Fig.  3  Argon- induced  shifts  of  HCl  lines  c2Q.culated  with  the 

"cut-off"  approximation,  with  values  of  K^,  and 
B/AA  given  In  Table  I,  and  with  values  of  B 
506  higher. 

Fig.  4  Krypton- induced  shifts  of  HCl  lines  calculated  with  the 

"cut-off"  approximation,  with  values  of  K^,  and 
B^^A  given  in  Table  I,  and  with  values  of  B^Ak 
5056  higher. 

Fig.  5  Shifts  due  to  krypton  in  the  1-0  band  of  HCl  calculated 
with  the  "cut-off"  and  "bill lard- ball"  approximations. 


Shift  per  atm.  of  argon  at  3CX)®K  in  cm"'«IO 
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